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High-Order Tunable Filters Based on a
Chain of Coupled Crystalline Whispering
Gallery-Mode Resonators

Anatoliy A. Savchenkov, Vladimir S. Ilchenko, Andrey B. Matsko, and Lute Maleki

Abstract—We demonstrate experimentally a tunable third-order
optical filter fabricated from the three voltage-controlled lithium
niobate whispering gallery-mode resonators. The filter operates
at 1550 nm with 30-MHz bandwidth and can be electroopti-
cally tuned by 12 GHz in the linear regime with approximately
80-MHz/V tuning rate. With this filter, we have demonstrated
6-dB fiber-to-fiber insertion loss and 30-ns tuning speed, limited
by the resonator buildup time.

Index Terms—High-order optical filters, nonlinear optics, op-
tical filters, optical resonators, Q factor, tunable filters, whispering
gallery-mode (WGM) resonators.

ICROWAVE filters with narrow bandwidth and wide

tunability are crucial to the realization of advanced
communications and radar schemes. The narrow bandwidth
naturally allows increased channel capacity in a commu-
nications band, while tunability provides spectral diversity
and increased efficiency. Unfortunately, microwave filters
that also have a bandpass with a flat top and high sidemode
rejection cannot simultaneously provide narrow bandwidths
(high-quality (@) factor) and wide tunability. Typical high-Q
filters in the 10-GHz regime have bandwidths in the range of
a few megahertz, with cavity filters providing the highest @s.
These filters, nevertheless, have either a fixed center frequency,
or are tunable through bandwidths that represent a minor frac-
tion of the center frequency. The high-Q filters also introduce
several decibels of insertion loss in microwave circuits; the
typical insertion loss for a multipole filter with a few megahertz
linewidth at 10-GHz center frequency is about 10 dB. It should
also be mentioned that the quality of microwave filters gener-
ally degrades as the center frequency increases above several
tens of gigahertz.

Photonics filters based on optical whispering gallery-mode
(WGM) resonators have been devised to address the shortcom-
ings of microwave filters. Multipole high-@) filters based on
cascaded WGM microresonators fabricated with silica have
been demonstrated allowing compact packages and robust
performance at 10-100-GHz bandwidths and corresponding
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optical Qs on the order of 10> — 10* [1]-[6], and are in fact
commercially available. These filters provide passbands with
a flat top and sharp skirts, suitable for high performance ap-
plications. Since the microwave signals in photonic systems
are sidebands of an optical carrier, these filters, in principle,
can be used at any microwave frequency, providing the same
characteristics throughout the band, from 1 to 100 GHz and
higher.

While delivering high optical ()s and desirable passband
spectra, optical WGM filters based on silica ring resonators are
limited in their microwave Q) and in availability of convenient
tuning technique. Mechanical trimming of WGMs with applied
strain [7]-[9] and temperature tuning [10] have been previously
used. Though the mechanical as well as temperature tuning
ranges are large, e.g., on the order of a few to several tens of
nanometers for thermal tuning, these methods are not very con-
venient for many applications because of small tuning speeds
and low tuning accuracy. The tuning accuracy is especially
important for high-() resonators with narrow filter bandwidth.
An all-optical tunable filter design based on discontinuity-as-
sisted ring resonators that does not have the above-mentioned
disadvantages has also been proposed theoretically [11], but,
to our knowledge, no experimental implementation of the
configuration has been reported.

A recent technique for WGM resonance tuning was demon-
strated using microring resonators with a photosensitive coating
[12]. Another approach for trimming the frequency of microres-
onators exploits the photosensitivity of germanate silica glass
[13]. A second-order optical filter based on two coupled res-
onators, one of which was tunable, was experimentally realized
for optical high-@ (10%) WGM germanate glass resonators [ 14].
Recently, fabrication of optical WGM resonators with lithium
niobate [15] has led to the demonstration of a high-() microwave
filter with a linewidth of about 10 MHz and a tuning range in ex-
cess of 10 GHz [16]. Unfortunately, the Lorentzian lineshape of
the filter function associated with a single microresonator repre-
sents a severe limitation for its application in many systems that
require large sidemode rejection, in addition to a narrow band-
pass and a large tuning range.

In this letter, we report on the realization of a miniature reso-
nant electrooptically tunable third-order Butterworth filter. The
filter is based on three WGM disc cavities fabricated from a
commercially available lithium niobate wafer (see Fig. 1). The
filter, operating at the 1550-nm wavelength, has approximately
30-MHz bandwidth and can be tuned in the range of +£12 GHz
by applying dc voltage of £150 V to an electrode.
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Fig. 1. Scheme of a third-order tunable optical filter made of gold-coated
lithium niobate discs.

The free spectral range (FSR) of each resonator is approxi-
mately 13.3 GHz, and, therefore, the filter may be tuned prac-
tically at any optical frequency in the transparency range of
lithium niobate. To clarify this statement, let us consider a single
resonator first. If we are able to tune its spectrum by the FSR fre-
quency, the resonator spectrum would overlap with itself, which
means that it is always possible to find and to shift a resonator
mode to coincide with an arbitrary external signal frequency. We
do not need to use the same mode for the filtering. Now, if we
consider several interacting resonators, and we are able to tune
the frequency of a mode of the smallest resonator (the largest
FSR) by the FSR value, and hence, the modes of the other res-
onators by values exceeding their FSR, then we are able to re-
construct the high-order filter passband at any given frequency.
This is the case reported in this letter.

We note the following distinctive features/advantages of this
filter over the existing ones: 1) agile tunability accompanied
by a high-order filter function; 2) narrow linewidth; and 3) low
fiber-to-fiber loss. The combination of the three features makes
our filter a unique device for a wide range of applications in op-
tics and microwave photonics.

Tunable single-resonator filters are characterized by their fi-
nesse which is equal to the ratio of the filter’s FSR and the band-
width. Our three-resonator filter has a significantly more sparse
spectrum as compared with a stand alone WGM resonator. This
feature is due to the so-called Vernier effect [17] and is similar to
the coupled fiber-ring resonators [18], [19] which are noted for
arare spectrum due to a single sequence of modes. Effective fi-
nesse of our system is very large (F' > 10°) as the effective FSR
exceeds a terahertz, though we were unable to measure it accu-
rately because of insufficient laser tunability. The tuning speed
of our filter is limited by the wiring layout and is approximately
equal to 10 ns, while the actual shifting time of the spectrum is
determined by the filter’s bandwidth and does not exceed 30 ns.

A schematic diagram of the tunable filter configuration is
shown in Fig. 1. The Z-cut disk resonators have a 3.3-mm di-
ameter and 50-um thickness. The resonators were cut out from
metalized crystalline preforms. Each resonator’s perimeter edge
was hand polished in the toroidal shape with a 40-pm curvature
radius. The repeatable value of the loaded () factor of the main
sequence of the resonator modes we used was () = 8 x 106 (the
observed maximum was ) = 2 x 10%), which corresponds to
30-MHz bandwidth of the mode. We studied several disks with
nearly identical characteristics.

The resonators were arranged in the horizontal direction with
homemade flex manipulators. There was no need in a vertical
adjustment because the surface of the stage the resonators
were placed on was optically polished and the resonators
were polished as well and all had the same thickness (with
nanometer accuracy). The gaps between the resonators and
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Fig. 2. Transmission curve of the filter and its fit with Butterworth profile
function v¢ /[(v — 19)® 4 7], where v = 29 MHz, vy determines the center
of the filter function and primarily depends on the resonators’ geometrical
dimensions. Voltages applied to the resonators vary near zero in 10-V range
to properly adjust frequencies of each individual resonator and construct the
collective filter function as shown.

between the prisms and the resonators were 50-100 nm, which
corresponds to the evanescent field scale. We did not measure
the gaps directly but adjusted them to have the appropriate
system response.

Light was sent into, and retrieved out of, the resonator via
coupling diamond prisms. The repeatable value of fiber-to-fiber
insertion loss, primarily due to inefficient coupling to the res-
onator modes, was approximately 6 dB across the entire cas-
caded structure. The maximum transmission was obtained when
light was resonant with the resonators’ modes. We believe that
antireflection coating of the coupling prisms or use of special
gratings placed on high-index fibers may reduce the losses sig-
nificantly. Tuning of the filter was realized by applying a voltage
to the top and bottom electrodes fabricated with gold. The gold
coating is absent on the central part of the resonator perimeter
edge where WGMs are localized.

The differences in the size of the resonators is rather impor-
tant in the fabrication of the device. Our aim was to produce
spectral lines in all three resonators with a similar width to allow
the realization of a complex line structure. If resonances of the
interacting cavities have different widths, then as they are tuned
to approach each other, the height of the narrower resonance
will simply track the shape of the wider ones, which is of no
use for the filter application. The size of each resonator is im-
portant since cavities of similar size have similar optical cou-
pling and similar FSR, so similar optical modes with the same
efficiency may be excited in each of them. The performance of
our filter demonstrates that we are able to fabricate similar res-
onators with approximately the same parameters.

Fig. 2 depicts the spectrum obtained in the experiment with
three cascaded LiNbO3 resonators. To highlight the filter per-
formance, we have also plotted the theoretical third-order But-
terworth fit of the curve. Obviously, the three-cavity filter has
much faster rolloff compared with the Lorentzian line of the
same full-width at half-maximum. On the other hand, the filter
function does not look exactly like a third-order one because of
small differences between the cavity ) factors and dimensions
of the resonators.
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Fig. 3. Transmission curve of the filter and the same curve reconstructed at an
approximately 12-GHz frequency shift from the initial transmission curve center
1. Optimum voltages applied to the discs are different for all the resonators and
are scaled from 100 to 150 V.

The experimentally measured electrooptic tuning of the
filter’s spectral response, and tuning of the center frequency
with an applied voltage, is shown in Fig. 3. The filter exhibits a
linear voltage dependence in the £150-V tuning range, i.e., the
total tuning span exceeds the FSR of the resonator. Changing
the tuning voltage from zero to 10 V shifted the spectrum of
the filter by 1.3-0.8 GHz for transverse-magnetic (TM) mode
polarization.

Let us now compare the properties of this filter with the the-
oretical predictions. The maximum frequency shift of the trans-
verse-electric (TE) and TM modes may be found from [20]

n2 n2
Avrg = 1/0787‘335127 Avy = V0707’13EZ 1)

where 1y = 2 x 10'* Hz is the carrier frequency of the laser,
r33 = 31 pm/V and r13 = 10 pm/V are the electrooptic con-
stants, n, = 2.28 and n, = 2.2 are the refractive indexes of
LiNbOg3, F; is the amplitude of the electric field applied along
the cavity axis. We used the TM modes because they have larger
Q factors than TE modes. If the () factor is not very important, it
is better to use the TE modes because their electrooptic shifts are
three times as large as those of TM modes for the same values
of the applied voltage. Numerical estimations obtained with (1)
are in good agreement with the experimental measurements.

Theoretically, Avtg and Avry do not depend on the res-
onator properties and are related to the fundamental limitations
of optical resonator-based high-speed electrooptic modulators
[21]. The different results for different resonators measured in
our experiment stems from the imperfections of the cavity metal
coatings as well as a partial destruction of the coating during the
polishing procedure.

In conclusion, we have demonstrated an electrically con-
trollable optical filter consisting of three coupled ultrahigh-Q)
LiNbO3 resonators. Such a system is basically a tunable
third-order filter with a sharp rolloff. The technique used in this
work may also be expanded to produce other tunable complex
filter functions with various desired line shapes. Such filters en-
able a large channel density in communications networks, and
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in many advanced architectures of radio-frequency photonics
systems. The application of the filter in photonics is especially
promising because it can operate at any microwave frequency
superimposed with an optical carrier. Our experimental results
are in agreement with the theory.
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